INTRODUCTION
The present-day distributions of many species are the result of climatic fluctuations during the Quaternary period (ca. 2.5 MYA -present; Webb & Bartlein, 1992; Comes & Kadereit, 1998; Hewitt, 2003; Provan & Bennett, 2008) . During the most recent (Weichselian) glacial period in Europe (ca. 115 KYA -20 KYA), these species persisted in refugia associated with the southern peninsulas of Iberia, Italy and the Balkans, although fossil and genetic data also indicate survival in more northerly, or "cryptic", refugia (Taberlet et al., 1998; Hewitt, 1999; Stewart & Lister, 2001; Bennett & Provan, 2008; Provan & Bennett, 2008) . Phylogeographic analyses in particular have allowed the reconstruction of various patterns of postglacial recolonization from one or more of these refugia that have led to current-day species distributions (Taberlet et al., 1998; Petit et al., 2003) .
Ireland represents a particularly interesting biogeographical case-study in postglacial recolonization. As an island on the western fringe of the European continent, it has been isolated from Britain by postglacial sea-rise for ca. 15 KY, twice as long as Britain itself has been isolated from mainland Europe (Edwards & Brooks, 2008) . Ireland has a relatively impoverished flora, having only ca. 800 species compared to nearly 1,200 in Britain and 3,500 in France, and with only 18 of these not found in Britain compared to 375 British species absent from Ireland (Reid, 1913; Webb, 1983) . This has been attributed to the recolonization of Britain and Ireland during the postglacial Littletonian warm stage being somewhat akin to a "steeplechase", with the English Channel and Irish Sea representing successive "water-jumps" that have to be successfully crossed (Mitchell & Ryan 1992; Jones, 2011 ).
The so-called "Lusitanian" element of the Irish flora comprises a number of species that exhibit a disjunct distribution, being found in southern and western Ireland, as well as in northern Spain, but mostly absent from intervening countries (Matthews, 1926; Praeger, 1933 Praeger, , 1939 Baker, 1959; Webb, 1983) . The Lusitanian distribution has been the subject of debate for many years, with some botanists claiming it to be the result of persistence in separate Irish and Iberian refugia during the last glaciation (Forbes, 1846; Praeger, 1933) , whilst others favoured long-distance dispersal from a southern refugium, claiming that full glacial conditions precluded in situ survival in Ireland (Reid, 1913) . Recently, the first phylogeographic studies on three plant species exhibiting Lusitanian distributions, Daboecia cantabrica, Pinguicula grandiflora and Saxifraga spathularis, concur with the latter hypothesis and suggest that they achieved their current distributions as a result of recolonization from a range of refugia in Iberia and the Bay of Biscay following the last glacial maximum (LGM; ca. 21 ka; Beatty & Provan, 2013 , 2014 .
Irish spurge (Euphorbia hyberna) is the sole member of the Lusitanian flora that also occurs naturally, although very sporadically, in southwestern England (Devon and Cornwall) and in central and southern France, as well as in northern Spain and southwestern Ireland (Figure 1a ). Unlike the previously studied Lusitanian plant species named above, which have minute, dust-like seeds conducive to long-distance dispersal, E. hyberna has large (3-5 mm) seeds with far less capacity for dispersal. Consequently, given its occurrence in the intervening countries between Ireland and Spain, we employed a combined palaeodistribution modelling and phylogeographical approach to test whether the species persisted during the LGM in northern refugia, or whether the colonization of Ireland could have taken place in the sequential fashion of the Littletonian plant "steeplechase". We analysed the distribution of genotypes at one chloroplast and one nuclear marker from samples across the species' range in combination with the palaeodistribution model to identify the locations of glacial refugia during the LGM, and to elucidate how postglacial recolonization has resulted in the species' current-day distribution. component (PC) scores from 19 BIOCLIM variables (WorldClim data set 1950 -2000 Hijmans et al., 2005) were generated at 2.5 arc-minute resolution extracted from an area bounded by 15°W to 30°E and 35°N to 60°N. These first four principal components accounted for 99% of the variation in the climate data. We used this approach because using the BIOCLIM variables directly failed even when selecting from the 19 variables by removing the most strongly correlated ones (r>0.7). While the current-climate models looked plausible and had good AUC (area under the curve) of the ROC (Receiver-Operator Characteristic) scores (AUC>0.8), the resultant palaeoclimatic projections were very different from each other; this was traced to instability caused by the strong cross correlations still present between the explanatory variables (Dormann et al., 2013) . The ten models were screened for performance using the conventional 70/30 training/validation data partition.
Each model was run ten times using this partition. Eight models passed this filter (FDA, flexible discriminant analysis, did not converge and we excluded SRE, surface range envelope, because it had a consistently lower AUC goodness-of-fit measure (Supporting Information Table S2 ). These remaining eight models (ten replicates of each) were then combined using the ROC measure to give an EM, using the median measure, and propagating the uncertainty from the training/test split from the 80 fitted models. The rationale for an EM approach is that such a composite model often outperforms individual models (Seni & Elder, 2010 Elith et al., 2010) to ensure that the species range projected at the LGM climate was not outside the current climate -in other words, that the LGM projections were not extrapolations outside current climate space.
CHLOROPLAST TRNS-TRNG SEQUENCING In total, 200 samples were sequenced for the chloroplast trnpS-trnG intergenic spacer. A product was initially amplified and sequenced using the universal trnS-trnG primers described in Zhang et al., (2005) , and a pair of species-specific primers were subsequently designed: Eh-trnS 5′-CATCTCTCCCGATTGAAAAGG-3′ and Eh-trnG 5′-TAAACTATACCCGCTACGATACAA-3′. For herbarium samples from which the complete product could not be amplified in a single polymerase chain reaction (PCR), the region was amplified as two or three overlapping fragments using the primers described in Supporting Information Table S3 . PCR was carried out on a MWG Primus thermal cycler (Ebersberg, Germany) using the following parameters: initial denaturation at 94 °C for 3 min followed by 45 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, extension at 72 °C for 1 min and a final extension at 72 °C for 5 min. PCR was carried out in a total volume of 20 μL containing 200 ng genomic DNA, 10 pmol of each primer, 1× PCR reaction buffer, 200 μM each dNTP, 2.5 mM MgCl 2 and 0.5 U GoTaq Flexi DNA polymerase (Promega, Sunnyvale CA). 5 μL volumes of PCR products were resolved on 1.5% agarose gels and visualized by ethidium bromide staining, and the remaining 15 μL were ExoSAPpurified and sequenced in both directions using the BigDye sequencing kit (v3.1; Applied Biosystems, Foster City, CA) and run on an AB 3730XL DNA analyser (Life Technologies; Carlsbad, CA). Sequence lengths ranged from 548 bp -563 bp, and the overall alignment was 628 bp in length. SINGLE-COPY NUCLEAR DNA (SCNDNA) SEQUENCING Primers to amplify an anonymous single-copy nuclear DNA locus (Eh-E04) were developed using the ISSR cloning method described in Beatty, Philipp & Provan (2010) . The 214 bp region was amplified in 200 individuals using the following primers: Eh-E04-F Median-joining networks for both regions were constructed using the NETWORK software package (V4.5.1.6; www.fluxus-engineering.com). Any reticulations in the networks were broken following the rules described in Pfenninger & Posada (2002) .
To identify groups of populations in Spain and France associated with potential refugial areas, we performed a spatial analysis of molecular variance (SAMOVA) using the software package SAMOVA (V1.0; Doupanloup, Schneider& Excoffier, 2002) for both of the data sets. This program uses a simulated annealing approach based on genetic and geographical data to identify groups of related populations. The program was run for 10,000 iterations for K = 2 to 10 groups, from 200 initial conditions, and the most likely structure was identified using the maximum value of Φ CT , the proportion of genetic variation between groups of populations, that did not include any groups of a single population. Levels of haplotype diversity (H) and nucleotide diversity (π) at both the chloroplast and scnDNA locus were calculated for mainland European, English and Irish samples using DnaSP. To account for differences in sample sizes, effective numbers of haplotypes (h e ) were also calculated using HAPLOTYPE ANALYSIS 1.05 (Eliades & Eliades, 2009) . extrapolation into novel climate space occurred, and that this was primarily in the north where the ice sheet was present.
PHYLOGEOGRAPHIC ANALYSIS 18 and 14 haplotypes were identified for the chloroplast trnS-trnG intergenic spacer and the anonymous Eh-E04 single copy nuclear locus, respectively (Figs. 3a/b; GenBank accession numbers XXX -XXX and XXX -XXX). The SAMOVA analyses based on the scnDNA locus did not identify more than a single group comprised of more than one individual, but the analysis based on the chloroplast trnS-trnG region identified K = 4 groups (Φ CT = 0.728; Fig. 1 ). Some degree of geographical structuring of haplotypes was evident for both loci, but particularly for the chloroplast trnS-trnG intergenic spacer (Fig. 3a) . The dark blue, light blue, pink and white haplotypes were restricted to the eastern part of the main continental distribution of E. hyberna, around the Pyrenees, whilst the yellow, light yellow, brown and purple haplotypes were only found west of this region. This was broadly reflected in the distributions of the haplotypes displayed by the anonymous Eh-E04 single copy nuclear locus (Fig. 3b) . For both loci, the distribution of the green haplotype was of particular note. This haplotype was found in England, along with the ubiquitous red haplotype, but in mainland Europe was restricted to a single location in the extreme northeast of the Basque Country in Spain, adjacent to the Bay of Biscay. All diversity statistics for the two markers indicate a decrease in levels of genetic diversity from mainland Europe, through England, to Ireland, where both loci were monomorphic (Table 1) .
DISCUSSION
The EM for the current climate and distribution (Fig. 2) suggests that Euphorbia hyberna is not climatically limited with respect to future expansion into much of Britain and Ireland.
Belgium is another notably climatically suitable but unoccupied area. These unoccupied but apparently suitable areas serve as a reminder that apparently suitable locations need not be occupied, since species have requirements and traits other than climate that must be present for effective recolonization and population persistence. E. hyberna has large, globose seeds, with no obvious modifications to aid dispersal, and absence from climatically suitable regions may occur due to low capacity for dispersal, or simply because its other niche requirements, such as suitable substrate and/or nutrients, are not met. Alternatively, such areas may be attributable to the modelling approach, despite the high AUC scores. In general, it is becoming apparent that model uncertainty is not well dealt with by current species distribution models, including those used here, particularly uncertainty caused by structural model misspecification (e.g. ignoring autocorrelation in explanatory covariates), response variable quality (e.g. variation in spatial recording effort), and low-quality predictive covariate data or predictive covariate data that represents an extrapolation (Beale & Lennon, 2012) Fig. 1 ) apparently associated with the Pyrenees could be explained by divergence of these groups in separate microrefugia / microhabitats within, or in close proximity to, this region. A previous phylogeographical study on white oaks (Quercus spp.) in Iberia also identified two lineages (designated Lineage A and Lineage C) restricted to the eastern Pyrenees that were hypothesized to have originated in separate Cataluñan refugia (Olalde et al., 2002) . E. hyberna is most commonly found in oak woodland, and it is possible that the two taxa, E. hyberna and Quercus spp., could have persisted together during the
LGM. The general west / east distribution of the pink and blue groups respectively along the Pyrenees, could indicate persistence in separate microrefugia in the Pyrenees. Such refugia could be difficult to identify using the palaeodistribution model at the resolution used, particularly given that mountainous regions can provide a range of spatial and elevational habitats that could conceivably promote divergence of lineages (Bennett & Provan, 2008; Médail & Diadema, 2009; Holderegger & Thiel-Egenter, 2009; Stewart et al., 2010) . The fact that E. hyberna is the only plant with a Lusitanian distribution that also occurs naturally in England means that alternative theories on the postglacial recolonization of Lusitanian species can be examined. In the previous phylogeographic studies on elements of the Lusitanian flora, the extremely disjunct distribution of present-day populations meant that it was not possible to differentiate between recolonization as a result of long-distance dispersal, and a more gradual "stepping-stone" pattern of recolonization followed by subsequent extirpation of the species from intervening areas (Beatty & Provan, 2013 , 2014 .
The sequential decrease in genetic diversity observed in continental, English and Irish populations of E. hyberna in both markers studied is entirely consistent with the "steeplechase" scenario following the end of the Weichselian glaciation (Matthews, 1926; Mitchell & Ryan 1992; Jones, 2011) . At both loci, the haplotypes indicated in green, which in Spain are restricted to populations in the extreme north, close to the French border and adjacent to the Bay of Biscay, are found along with the most common red haplotype in England, but only the latter is present in Ireland. Our evidence that E. hyberna colonized Ireland in the fashion of the Littletonian plant "steeplechase" thus raises the intriguing possibility that other Lusitanian species might have achieved their present-day distributions in a similar manner, with no need to invoke extreme long-distance dispersal events. A similar scenario was originally proposed nearly 100 years ago based on biogeographical data (Stapf, 1914 (Stapf, , 1916 , but the present study represents the first test of this hypothesis at the In conclusion, our findings suggest that the present-day disjunct distribution of Euphorbia hyberna did not result from glacial survival in separate northern and Iberian refugia, contrary to Forbes' (1846) original idea on the origin of the Lusitanian distribution, but instead is due Within this range there is variation in climatic suitability, as indicated by the colour shading. Table S1 . DBN-50-1980 DBN-54-1972 DBN-75-1977 DBN-102-1969 DBN-18-1992 DBN-48-1988 DBN-104-1969 DBN-63-1976 DBN-46-1964 410695 -10.321638 -10.270301 -10.1 -10.042036 -9.974015 -9.583333 -9.581667 -9.566667 -9.494109 -9.417596 -9.345 -9.301819 -9.265833 -9.149051 -9.122982 -8.895895 -8.780994 -8.50633 -8.445829 -8.438092 -8.411502 -7.929738 -7.683333 -7 Figure S4 . The four covariates used in the species distribution modelling for the LGM climate. These are PC scores based on the current climate PC but using the same variables from the CCSM climate dataset. Page | 2 Figure S5 . Multivariate environmental similarity surface (MESS) representing the similarity of the current climate, from which the species distribution models were constructed, to the LGM climate, for which they were projected. The colour scale represents similarity, such that low values (red) indicate a relatively large difference in climate while high values (blue) indicate small differences. Extrapolation into novel climate space is indicated by values below zero. Such areas only occur in the north, mainly where the ice sheet was present. The coloured area represents the projected distribution of Euphorbia hyberna at the LGM from the ensemble model. The MESS was calculated using the climate within the species range modelled in the current climate as the reference values compared with the climate within this LGM distribution (i.e. a comparison of climate within the two panels of Fig.2 in the main text).
